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Abstract Warming of abyssal waters in recent decades has been widely documented around the global
ocean. Here repeat hydrographic data collected in 1997 and 2014 near a deep fracture zone canyon in the
eastern Brazil Basin are used to quantify the long-term change. Significant changes are found in the
Antarctic Bottom Water (AABW) within the canyon. The AABW in 2014 was warmer (0.08 6 0.06�C), saltier
(0.01 6 0.005), and less dense (0.005 6 0.004 kg m23) than in 1997. In contrast, the change in the North
Atlantic Deep Water has complicated spatial structure and is almost indistinguishable from zero at 95%
confidence. The resulting divergence in vertical displacement of the isopycnals modifies the local density
stratification. At its peak, the local squared buoyancy frequency (N2) near the canyon is reduced by about
20% from 1997 to 2014. Similar reduction is found in the basinwide averaged profiles over the Mid-Atlantic
Ridge flank along 25�W in years 1989, 2005, and 2014. The observed changes in density stratification have
important implications for internal tide generation and dissipation.

1. Introduction

The Brazil Basin is a deep basin in the western south Atlantic bounded by the continental rise in the west
and the Mid-Atlantic Ridge (MAR) in the east. The deep and abyssal water masses are the North Atlantic
Deep Water (NADW) and the Antarctic Bottom Water (AABW). These large-scale water masses, formed in
the high latitudes of the North Atlantic and the Southern Ocean, not only ventilate the deep basins but also
set up the vertical density stratification of the abyssal ocean. The AABW enters the Brazil Basin mostly
through two gaps that intersect the Rio Grande Rise: the Vema Channel (nominal depth �4,600 m) and the
Hunter Channel (�4,200 m) (Figure 1; Hogg et al., 1982; Speer & Zenk, 1993; Zenk et al., 1999). The AABW in
both channels is located below 3,000 m, with about 4 Sv transported through the Vema Channel and 2.9 Sv
through the Hunter Channel (Hogg et al., 1999; Zenk et al., 1999). Overlying the AABW is the NADW, which
is formed in the Greenland-Iceland-Norwegian Seas and in the Labrador Sea. The NADW is transported into
the South Atlantic predominantly in the deep western boundary current (DWBC) attached to the Brazilian
continental slope. It then splits into two distinct pathways: one continues as a DWBC and the other feeds
broad eastward zonal flows across the interior ocean (Hogg & Owens, 1999; Hogg & Thurnherr, 2005; Speer
et al., 1995; Talley & Johnson, 1994; Thurnherr & Speer, 2004). The NADW-AABW interface is delineated by
the 1.8�C–2�C isotherms, corresponding to the potential (r4) range of 45.82–45.90 kg m23 (Hogg et al.,
1982; Whitehead & Worthington, 1982).

The AABW is converted to lesser densities by downward diffusion of heat via turbulent mixing processes
(e.g., Munk, 1966). In the 1990s, the Brazil Basin Tracer Release Experiment (BBTRE) found intense turbulent
diapycnal mixing near the fracture zones (FZs) on the western flank of the MAR (Ledwell et al., 2000; Polzin
et al., 1997; L. St. Laurent et al., 2001; L. C. St. Laurent et al., 2001). Tidally forced breaking internal waves
were proposed as the primary physical mechanism for the elevated mixing (Nikurashin & Legg, 2011; Polzin
et al., 1997). However, Thurnherr et al. (2005) point out that most of the diapycnal buoyancy fluxes inferred
from the microstructure data occur inside the 500–1,000 m deep ridge-flank FZ canyon rather than above
the topographic envelope. In addition, current meters deployed for 2 years within the FZ revealed that the
velocity inside the canyon not only has semidiurnal and diurnal tidal motions but also shows dramatic iner-
tial and subinertial flows (Thurnherr et al., 2005; Toole, 2007). The subinertial motions are enhanced within
the canyon and reach magnitudes of several cm/s, similar to the barotropic tidal currents. Thurnherr et al.
(2005) argue that hydraulic processes associated with the subinertial along-canyon flow passing across sills
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on the canyon floor contribute significantly to the elevated diapycnal mixing in the canyon. This inference
has recently been confirmed by data from the Dynamics of Mid-Ocean Ridge Experiment (DoMORE) project
(Cl�ement et al., 2017).

Abyssal warming trends in the South Atlantic Ocean have been widely described, especially in the Scotia
Sea, the Argentine Basin, and the Brazil Basin (Coles et al., 1996; Johnson & Doney, 2006; Johnson et al.,
2014; Kouketsu et al., 2011; Purkey & Johnson, 2010). The northward flowing AABW in the Vema Channel
has been found to maintain a general decadal warming trend since the early 1990s (Zenk & Hogg, 1996;
Zenk & Morozov, 2007; Zenk & Visbeck, 2013). This is in agreement with the overall AABW warming signal
across the whole Brazil Basin documented by repeat hydrographic surveys (Desbruyères et al., 2016;
Herrford et al., 2017; Johnson & Doney, 2006; Johnson et al., 2014). In addition, the AABW shows a contrac-
tion in the Southern Ocean and along its northward path into the South Atlantic Ocean. The contraction is
characterized by descending isotherms (Purkey & Johnson, 2012). On the other hand, although a weak cool-
ing in the lower NADW has been identified in the Equatorial Channel, the NADW in the south Atlantic has
not shown any significant decadal changes until now (Herrford et al., 2017; Johnson et al., 2014).

While the abyssal waters are being continuously modified by diapycnal mixing, it remains unclear how the
observed long-term changes in the large-scale water masses affect the local hydrography near the rough
bathymetry where elevated diapycnal mixing is observed. Changes in the large-scale water masses can alter
the local vertical density stratification, which affects internal wave generation, propagation and breaking. In

Figure 1. (top) Annual mean potential temperature at 4,000 m (�C) from World Ocean Atlas 2013 is shown in color and
with labeled black contours. The locations of the Vema and Hunter Channels are marked. The bottom waters exit the
Brazil Basin through the RFZ (Romanche Fracture Zone), CFZ (Chain Fracture Zone), and EC (Equatorial Channel).The
hydrographic stations from the WOCE A16S section are shown as blue crosses. The blue box shows the FZ canyon in this
study. (bottom) Combined multibeam/satellite topography near the FZ canyon studied during BBTRE and here (color, m),
as well as the hydrographic stations used in the data analysis. Blue circles denote stations occupied in 1997. The data
collected in 2014 (magenta asterisks) include tow-yo profiles near a prominent sill (black dashed line near 14.68W). Red
pentagram indicates the location of six repeat HRP profiles collected in 1996.
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addition, a heat budget calculation in the Brazil Basin suggests that even a small increase in mixing rates
can produce a basin-wide deep warming (Purkey & Johnson, 2012). This study compares hydrographic data
collected during BBTRE in 1997 and as part of DoMORE in 2014 with the aim to assess the decadal hydro-
graphic changes over the rough topography of the MAR flank in the Brazil Basin, and to discuss their poten-
tial influences on the mixing rates near the FZs.

2. Data and Methods

The study region is a deep FZ canyon on the western flank of the MAR near 218S (Figure 1). The canyon
intersects the ridge flank and extends from the bottom of the Brazil Basin below 5,500 m near 268W to the
MAR crest near 128W, where the connection to the eastern basin is blocked below 3,000 m. An important
bathymetric feature in the FZ canyon is a prominent sill/constriction near 14.68W where Thurnherr et al.
(2005) and Cl�ement et al. (2017) found the largest horizontal near-bottom along-canyon density gradient
and the strongest diapycnal mixing. Two hydrographic surveys were carried out with stations along the can-
yon in 1997 and 2014 during the BBTRE and DoMORE projects, respectively. During the DoMORE survey,
tow-yo hydrographic casts were performed near the sill to further define the cross-sill hydrographic struc-
ture. A total of 34 conductivity-temperature-depth (CTD) profiles were selected from the DoMORE data to
construct an along-canyon section. This section includes 12 stations from the BBTRE survey that were reoc-
cupied during DoMORE with the aim to quantify decadal changes in the canyon hydrography (Figure 1). All
sensors of the SBE 9plus CTD from both BBTRE and DoMORE were precruise calibrated, and there are no
indications for significant drifts in any of the data. The salinity data are reported in the Practical Salinity
Scale 1978 (PSS-78). During the DoMORE cruise, conductivity sensor performance was monitored by a
Guildline Portasal SA10 using IAPSO standard seawater (SSW) from batch 149. The analysis of differences
between calibrated CTD salinity and sampled water salinity suggests an uncertainty of 0.001 with reference
to the IAPSO SSW. We note, however, that batch-to-batch differences for IAPSO SSW can be as large as
0.002 (PSS-78) (Kawano et al., 2006). Overall, the temperature and salinity uncertainties for the data used in
this study are estimated to be about 0.001�C–0.002�C and 0.002, respectively.

The 12 repeat CTD station-pairs are used to compute the hydrographic changes between 1997 and 2014.
The postprocessed hydrographic profiles are vertically smoothed with a Hanning filter with a 20 dbar half-
width and linearly interpolated to a 10 dbar pressure grid. For each profile pair, temperature, salinity, and
density coordinate grids are generated with grid steps of 0.005�C, 0.004, and 0.002 kg m23, respectively. To
generate the temperature, salinity, and density grids, data within 200 m of the bottom are disregarded
because the stratification at this depth tends to be very weak, causing nonmonotonicity in the density, tem-
perature, and salinity profiles. The bottom waters were kept for the analysis in depth space. The short-term
temporal variability of the hydrography in the canyon is inferred from a high-resolution profiler (HRP) repeat
station occupied in 1996 (Figure 1). The six repeat HRP profiles were collected within 2 weeks (Polzin et al.,
1997). The HRP temperature and pressure sensors were calibrated before and after the sampling cruise and
the salinities were adjusted by fitting the deep temperature-salinity (h–S) properties to profiles from nearby
CTD stations occupied during the same cruise (Thurnherr & Speer, 2003).

In addition, the long-term changes in the Brazil Basin are estimated from a repeat hydrographic section
along 258W. It was occupied in 1989, 2005, and 2014 first in the context of the World Ocean Circulation
Experiment (WOCE) and more recently as part of the international Global Ocean Ship-based Hydrographic
Investigations Program. The section is named A16S, and Johnson et al. (2014) provide more details about
the three surveys. The overall measurement accuracies are about 0.0018C–0.0028C for temperature, 0.002
for salinity, and 3 dbar for pressure. All available stations within the latitude range between 2�S and 32�S
are utilized to represent the hydrography in the Brazil Basin during each survey period.

Since there are only 12 station pairs from the FZ canyon available, the statistical evaluation for the compari-
sons between the 1997 and 2014 properties is performed with a bootstrap method (Hastie et al., 2009). The
bootstrap technique can generate many more artificial bootstrap samples, which are used to estimate the
statistical accuracy without assuming the underlying distribution. Given that the hydrographic profiles
are correlated in the horizontal direction, our data are resampled in moving blocks rather than as single ele-
ments (Wilks, 1997). The block length is determined from the horizontal decorrelation scale, which is twice
the maximum of the integral of lagged autocovariance in the horizontal direction. The zonal decorrelation
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length scales near the FZ canyon vary between 80 and 240 km for the water depths below 2,000 m. The
meridional decorrelation length scale for the profiles at A16S is set to 163 km, which is the same with Pur-
key and Johnson (2010). Different sample sizes, between 100 and 10,000, were tested, resulting in similar
error for sample sizes larger than about 1,000. The 95% confidence interval is obtained from the values at
the fifth and fifth-last percentiles. As an alternative method, we also estimate the statistical uncertainties
with the Student’s t test, which was used by Johnson et al. (2008) and Purkey and Johnson (2010). All results
that are significant at the 95% confidence level in the bootstrap method also pass the Student’s t test. The
results below are based on the bootstrap method.

3. Results

3.1. Hydrographic Structure Near the Canyon
The FZ canyon is filled primarily with AABW (Figure 2). The lateral walls bounding the canyon are defined
here as the locations of maximum cross-canyon steepness. These walls have nominal depths of 4,000 m
west and 3,300 m east of the sill (14.68W). The AABW’s upper boundary is located above the canyon west of

Figure 2. Hydographic properties along the canyon, using the 2014 DoMORE data. (a) Potential temperature (�C);
(b) salinity; (c) r4 (kg m23). The magenta lines define the lateral walls of the canyon. A prominent sill is located near
14.68W where tow-yo profiles were collected in 2014. The white and black dashed lines mark the 1.8�C and 2�C isotherms,
indicating the interface of AABW and NADW. Black triangles mark the locations of the hydrographic profiles in longitude.
The bottom bathymetry is from the multibeam data. Each profile reached about 50–100 m above the seabed and the
unsampled regions are masked by white.
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168W and roughly at the depth to the lateral canyon-wall crest east of that longitude. Thus, the canyon in
our study region is almost completely filled with AABW. The overlying NADW is characterized by fairly
homogenous salinity structure in its core centered around 2,500 m. The salinity in the NADW layer is more
uniform west of about 158W where a high-salinity tongue emanating from the DWBC and carried eastward
by mean zonal flow terminates (Thurnherr & Speer, 2004).

Within the canyon, the most striking spatial pattern in the hydrography are the zonal gradients across the
sill near 14.68W, with water masses west of the sill generally colder, fresher, and denser than in the east. The
mean abyssal flow within the canyon in the 1990s was found to be eastward based on moored current
meters at 17.58W (Thurnherr et al., 2005; Toole, 2007). More recent observations recorded by current meters
and McLane Moored Profilers deployed at the sill near 14.68W and at 13.78W also show eastward flow below
3,900 m in 2014/2015 (Cl�ement et al., 2017). The available data thus confirm persistent eastward flow within
the canyon, which is essential to maintain a quasi-steady state in the presence of strong diapycnal mixing
(L. C. St. Laurent et al., 2001). Through the eastward flow down the mean along-canyon density gradient,
the water mass west of the sill is connected with the AABW in the interior of deep Brazil Basin. However,
the zonal distribution of the hydrographic properties suggests that AABW is significantly modified when

Figure 3. Along-canyon sections of hydrographic differences of (a) Potential temperature (�C); (b) salinity; (c) r4 (kg m23)
between 1997 and 2014 (i.e., 2014 minus 1997) shown in color. The black contours show the hydrographic properties in
2014. The magenta lines define the lateral walls of the canyon. The black dashed lines show the 1.8�C and 2�C isotherms,
indicating the interface between AABW and NADW in 2014. Black triangles mark the locations of the hydrographic pro-
files in longitude. The bottom mask is the same as in Figure 2.
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passing over the sill. In particular, the densest AABW is warmed by about 0.28C across the sill, leading to
a drop in density (r4) of 0.02 kg m23. This is consistent with Thurnherr et al. (2005) who found that the
largest horizontal near-bottom density gradient exists between the hydrographic stations west and east
of this sill.

3.2. Hydrographic Change Near the Canyon
The temperature (h)-salinity curves constructed from the data in 1997 and 2014 indicate that their slopes in
the AABW layer are indistinguishable within the measurement uncertainty (dominated by the 0.002 salinity
uncertainty). Toole (2007) also noted that the temperature (h)-salinity relationship at potential temperature
below 2.258C (approximately 3,300 m depth) were stable over the entire BBTRE period (from year 1996 to
2000). The hydrographic changes between 1997 and 2014 are inferred by subtracting the BBTRE from
DoMORE data. The differences in the AABW below the lateral canyon-wall crests exhibit approximately uni-
form structure except at the easternmost two stations (Figure 3). The AABW in 2014 was generally warmer
and saltier than in 1997. The mean profiles of temperature and salinity differences calculated from the
12 repeat-station pairs is distinguishable from zero at 95% confidence with mean values that peak at
0.08 6 0.03�C and 0.01 6 0.003, respectively, over the depth range of 4,100–4,300 m (Figure 4). The density,
incorporating both temperature and salinity signals, indicates that the AABW in 2014 at the same depths

Figure 4. Mean hydrographic differences between 1997 and 2014 (i.e., 2014 minus1997) are shown in (a) Potential temperature; (b) salinity; (c) r4. The shaded
areas show the 95% confidential intervals estimated using a bootstrap method. The horizontal bars around zero (red and blue) represent the uncertainties associ-
ated with high-frequency variability (periods less than 2 weeks), estimated from the six repeat HRP profiles. The orange lines denote the depth levels of the 1.8�C
and 2�C isotherms in 2014, and the black lines illustrate the nominal depth of the lateral canyon walls.
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was lighter by 0.005 6 0.002 kg m23. The AABW above the canyon is mostly confined to the region west of
168W and does not show consistent changes across different station pairs (Figure 3). The hydrographic differ-
ences in the NADW layer have complicated spatial structures. The 2014 data show cooler and fresher signals
in the NADW below 2,500 m over most stations except for the two closest to the sill (Figure 3). Above 2,500 m
there is even less spatial coherence in the hydrographic differences. Consequently, the along-canyon aver-
aged changes of temperature, salinity and density (r4) in the NADW layer are weak and only statistically signif-
icant at limited depth levels below 2,500 m (Figure 4). The most significant change is observed in density near
3,000 m where the NADW was approximately 0.0036 0.002 kg m23 denser in 2014 than in 1997.

The hydrographic changes discussed here exceed the short-term variability estimated from the HRP obser-
vations collected within 2 weeks (Figure 4). In addition, mesoscale variability can be accounted for by con-
sidering the zonal decorrelation length scales of the hydrographic changes. The decorrelation scales are
inferred from twice the maximum of the integral of lagged auto-covariance in longitude for both 1997 and
2014. They vary between 80 and 240 km in the water below 2,000 m, which is much smaller than the zonal
scale of the hydrographic changes detected here (Figure 3). Therefore, the signals near the canyon very
likely reflect the large-scale changes in the Brazil Basin.

We now assess the vertical movement of the isopycnals, isotherms, and isohalines between 1997 and 2014
(Figure 5). Among the 12 station-pairs, the vertical displacements based on the three isopleths display con-
sistent signals below the lateral canyon walls. Within the canyon, the vertical displacement of the AABW iso-
pleths is downward, which is consistent with warmer, saltier, and lighter signals observed at fixed depth
levels (Figure 4). The net downward movement of the isotherms and isohalines was about 80 6 20 m, but

Figure 5. Similar to Figure 4, but showing the difference of the depths of the (a) isotherms, (b) isohalines, and (c) isopycnals between 1997 and 2014. The depth
differences and the corresponding uncertainties are calculated in the temperature, salinity, and density coordinate grids. Positive displacements denote upward
movement.
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the isopycnal displacement had a smaller amplitude (50 6 20 m), implying partial compensation between
the temperature and salinity trends. The isopycnals, isotherms, and isohalines in the NADW layer show
mostly positive (i.e., upward) displacements from 1997 to 2014, but these changes at most depth levels are
indistinguishable from zero at 95% confidence. Above 3,000 m the temporal variability due to short-term
processes has higher magnitude than the changes documented here, implying that caution must be taken
in the interpretation of the NADW layer variability.

In order to evaluate the effects of the temperature and salinity changes on the local density stratification,
the buoyancy frequency squared, N2, is calculated for the CTD profile-pairs along the canyon axis (Figure 6).
Below 2,000 m, N2 in 2014 decreased with depth and attained a local minimum around 2,700 m, which
coincides with the relatively homogenous NADW core. Below the NADW minimum, the stratification
increases downward and reaches a local maximum around 3,500 m near the (nominal) AABW-NADW inter-
face. Within the AABW, N2 again decreases with depth, with values approaching zero near the bottom. The
overall vertical structure of N2 was not significantly different in 1997 and 2014, except near the NADW-
AABW boundary where the local maximum in stratification was thicker and deeper in 1997 compared to
2014. The most significant difference in density stratification between 1997 and 2014 occurs near the peaks
of the lateral canyon walls where N2 in 2014 was about 20% lower than in 1997. The reduced stratification
is related to the vertical divergence of the isopycnals in this layer, resulting in greater distances between
neighboring isopycnals in 2014 than in 1997.

3.3. Low-Frequency Trend in Density Stratification Over the MAR Flank in the Brazil Basin
In order to provide a large-scale context for the FZ observations, hydrographic profiles along the A16S sec-
tion are analyzed. This section spans the entire meridional extent of the Brazil Basin along 25�W (Figure 1).
The hydrographic differences and the vertical displacement of isotherms between the three occupations of
this section were documented by Purkey and Johnson (2010) and Johnson et al. (2014). They found a long-

Figure 6. Average profiles of squared buoyancy frequency (N2) derived from the hydrographic repeat-station profiles col-
lected in 1997(black) and in 2014 (red). The horizontal bars show the 95% confidential limit using a bootstrap method.
The blue lines denote the AABW-NADW interface (1.8�C and 2�C isotherms in 2014) and the black line marks the nominal
depth of the lateral canyon walls.
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term warming trend and vertical descent of isotherms across the entire abyssal Brazil Basin, consistent with
the signals near the canyon presented above. Here we focus on the section-averaged density stratification
along 25�W. The resulting profiles of N2 show similar shapes as those from the FZ canyon. At 25�W, the local
minimum in stratification near the NADW core is located near 3,000 m and the local maximum around the
NADW-AABW interface is below 4,000 m (Figure 7). These depth levels are deeper than that further east in the
FZ canyon. The 1.8�C–2�C isotherms are shallower than the local maximum of N2, in both the averaged pro-
files from 25�W and from the canyon near 21�S. The maximum N2 is higher at 25�W (1.7 3 1026 s22Þ than in
the FZ canyon (1.3 3 1026 s22). Thus, the density within the AABW layer is less stratified in the canyon than
outside, consistent with the higher levels of diapycnal mixing observed there (Thurnherr & Speer, 2003).

The overall structure of the section-averaged N2 along 25�W was similar in 1989, 2005, and 2014. The most
notable changes are observed near the local maximum of N2 below 4,000 m. From 1989 to 2014, the N2 is
reduced by about 10% and the reduction is significant at the 95% confidence level. This reduction is persis-
tent from 1989 to 2005 and 2005 to 2014, suggesting that it is a multidecadal change. This long-term weak-
ening trend of N2 over the MAR flank across the full meridional extent of the Brazil Basin is in agreement
with the observations from the FZ canyon near 21�S This suggests that the changes observed near the can-
yon reflect primarily the basinwide changes in the Brazil Basin.

4. Discussion and Conclusions

The hydrographic changes between 1997 and 2014 in and above a FZ canyon in the eastern Brazil Basin
near 21�S are documented using repeat-station CTD profiles. The most significant changes are found in the
AABW layer, which warmed by 0.08 6 0.058C from 1997 to 2014, corresponding to a linear warming rate of
5 6 3 m �C yr21. This rate is not significantly different from that found for the overall abyssal Brazil Basin
between 1989 and 2014 (2–3 m �C yr21; Johnson et al., 2014). Furthermore, our inferred warming rate is
also consistent with the long-term continuous warming trend of 3 m �C yr21 found in the coldest, densest

Figure 7. Average profiles of squared buoyancy frequency (N2) derived from the hydrographic profiles along WOCE A16S
section collected in 1989 (blue), 2005 (black), and 2014 (red). The horizontal bars show the 95% confidential limit using a
bootstrap method. The orange lines denote the AABW-NADW interface (1.8�C and 2�C isotherms in 2014).
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waters flowing north into the Brazil Basin through the Vema Channel between 1992 and 2010 (Zenk &
Morozov, 2007; Zenk & Visbeck, 2013). A salinification signal of 0.01 6 0.005 is detected in the AABW layer, and
this signal is significantly above the measurement uncertainty of 60.002. In contrast, no significant salinification
was found for the large-scale water mass in the Brazil Basin (Herrford et al., 2017; Johnson et al., 2014). The sta-
ble temperature (h)-salinity relationship implies that salinity is covarying with temperature. A density decrease
of 0.005 6 0.004 kg m23 indicates that temperature dominates the low-frequency density variability.

In contrast to the AABW, the hydrographic changes between 1997 and 2014 in the NADW are much weaker
and the weak signals of cooling and densification are only indistinguishable from zero at few depth levels.
Similarly, no statistically significant changes in NADW properties were found over three occupations (1989,
1995, and 2014) of A16S in the South Atlantic (Johnson et al., 2014).

The isopycnals, isotherms, and isohalines moved downward in the AABW by 80 6 20 m between 1997 and
2014. The vertical motion of the isopleths is consistent with the warming and lightening signals analyzed in
depth space. The tidal heaving near the canyon is approximately 20–50 m (L. C. St. Laurent et al., 2001). Ver-
tical displacements of 50–100 m on seasonal and interannual time scales were observed for the isotherms
within the canyon at 17.8�W (Toole, 2007). Lacking information on the spatial structure for this seasonal and
interannual variability, it is hard to diagnose the underlying physical processes for those changes. The bot-
tom water changes found in this study are coherent along the canyon over more than 400 km, which is
much greater than the advective length scale associated with the low-frequency along-canyon flow on a
yearly time scale (Toole, 2007). Therefore, our results are unlikely contaminated by mesoscale processes but
rather reflect the large-scale warming and contraction of the AABW in the Brazil Basin (Purkey & Johnson,
2012). If the displacements between 1997 and 2014 are assumed to be temporally uniform, the mean iso-
thermal fall rate was about 5–6 m/yr. This agrees approximately with the maximum mean isotherm fall rate
of 9 m/yr near the 0.3�C isotherm in the Brazil Basin between 1989 and 2005 (Purkey & Johnson, 2012),
especially considering that that the isotherm fall rate is larger in the colder (deeper) water.

The vertical structure of the hydrographic changes in the canyon suggest that they are closely tied to the
mean along-canyon current and, thus, to the topography. The persistent eastward flow at depth within the
canyon provides a direct connection with the deep Brazil Basin, implying that hydrographic changes in the
large-scale water masses can easily affect the canyon. For comparison, both Purkey and Johnson (2012) and
Johnson et al. (2014) noted that the descent of the isotherms over the entire Brazil Basin becomes negligi-
ble around 1.8�C–28C which coincides with the interface between the AABW and NADW. In contrast, the
zero crossings of the temperature and density trends in our analysis correspond better to the crest depths
of the lateral sidewalls than to the nominal interface depth between AABW and NADW (Figure 5). The
hydrographic changes from 1989 to 2005 and 2005 to 2014 extend from the seabed to far above the local
canyon-walls (Johnson et al., 2014). Therefore, the coincidence between the hydrographic changes and the
canyon sidewall in our region is likely a local phenomenon. Perhaps, the much weaker zonal velocity above
the canyon prevents the zonal spreading of the signals from the deep Brazil Basin at those depths.

The hydrographic changes in and above the canyon also modify the local density stratification. Near its peak,
the average squared buoyancy frequency (N2) shows a statistically significant reduction of up to 20% between
1997 and 2014 near the canyon-wall crests. A similar long-term reduction in N2 is also found in the averaged
stratification profile from the western flank of MAR along 25�W. Qualitatively, such a decrease in density stratifi-
cation is consistent with the vertical divergence of the mean vertical isopycnal displacements at that depth.
Note that the most significant stratification reduction does not correspond to the largest vertical descent of iso-
pycnals, but rather takes place around the local maximum of N2 and below the isotherms of 1.8�C–2�C. This
suggests that the most stratified region in the AABW is more sensitive to the vertical displacement of isopleths.

The observed change the density stratification could well have important implications for the generation
and propagation of internal waves. For example, Jayne and St. Laurent (2001) parameterize the internal tide
energy extracted from the barotropical tides as

E ffi 1
2

q0NkU2h2 (1)

Where q0 is a reference density, N is the buoyancy frequency, k is the horizontal wave number, h is the
topographic height, and U is the magnitude of the background barotropic tidal currents. This energy can
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feed diapycnal mixing, so that the turbulent diffusivity kv ffi UqE x;yð ÞF zð Þ
qN2 where U 50:2 represents the mixing

efficiency (assumed constant); q 5 0.36 0.1 is the fraction of wave energy dissipated locally; E(x,y) is the
time-averaged internal tide energy flux; F zð Þ is the vertical structure function of the dissipation and

Ð 0
2H F zð Þ

dz51 (Laurent et al., 2002). Using equation (1) for E(x,y), kv can be rewritten as UqF zð Þ
2N kh2U2. The wave num-

ber k can be inferred from rotary spectra derived from the observed velocity shear near the canyon. The
upward energy propagation in the semidiurnal frequency band is dominated by wavelengths between
90 m and about 560 m (Cl�ement et al., 2017). The corresponding horizontal wavelength range inferred from
the linear dispersion relationship is 680–4,250 m. Assuming U 5 0.05 m/s, h 5 200 m, and taking the mean
values at 4,000 m in year 1997 and 2014 for N (i.e., 1:1431023s21 versus 1:0031023s21), the parameterized
kv becomes about 3.89–20.26 3 1024 m2s21 in 1997 and 4.43–23.1 3 1024 m2s21 in 2014. This implies that
the observed reduction in N is expected to increase the diffusivity in a 500 m thick layer in the canyon by
about 14%. For the A16S section along 25�W, the average maximum buoyancy frequency was 1.32 31023

s21 in 1989 and 1.24 31023s21 in 2014, corresponding to an increase of 6% in the parameterized kv .
According to a heat budget analysis of the Brazil Basin, an increase of vertical diffusivity (kv ) from 4.34 3

1024 to 4.70 3 1024m2s21, which is about an 8% change, can explain the observed 0.56 Sv volume contrac-
tion below 0.8�C (Purkey & Johnson, 2012). Even though our inferred changes in kv only take place within a
deep pycnocline, we expect that they can induce significant volume contraction of the AABW.
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